Chapter 3
Understanding Agarwood Formation
and Its Challenges

Saiema Rasool and Rozi Mohamed

Abstract The resinous portion of the Aquilaria tree is called agarwood, a valuable
non-timber product being used as medicine and incenses in Asia, Middle East, and
Europe. Driven by high demand, the wild resources of agarwood-producing trees
have been greatly threatened. This fragrant product contains many aromatic sub-
stances and is obtained from the pathological conditions of the wood of living trees.
The knowledge regarding the technology for inducing agarwood and its continuous
formation in the tree is still limited. To conserve the wild Aquilaria spp. and to sup-
ply sustainable amount of agarwood, cultivation of Aquilaria trees in combination
with induction through artificial technique is seen as the best approach. In this chap-
ter we will discuss the fundamentals of agarwood formation in the producing trees,
the molecular pathway in its synthesis, current methods applied for agarwood
induction in cultivated trees, and finally the factors influencing agarwood yield and
quality.

3.1 Introduction

Agarwood is a precious non-timber product of tropical tree origin. Due to its aro-
matic fragrance, it is used as a raw material in making incenses and perfumes.
Agarwood is held with high regard in many different cultures of the world, thus the
various names: agar (Hindi), agaru (Tibetans), akil (Tamil), chenxiang (Chinese),
eaglewood (Papua New Guinea), gaharu (Malay), jinkoh (Japanese), oud (Arabic),
mai ketsana (Laos), mai kritsana (Thai), sasi or sashi (Assamese), and tramhuong
(Vietnamese). The Japanese jinkoh literally means “sinking incense,” and the high-
est grade is known as kyara (Kiyoko 1992). In Europe, agarwood is historically
known as Lignum aquila (eaglewood)/agilawood, Lignum aloes, or aloeswood
(Henry and Burnell 1903).

Agarwood has high commercial value but the tree source is severely endangered
due to indiscriminate felling. Over the years, demand for this scarce material,
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which is often obtained from natural population, has increased tremendously.
This has led to its exploitation in sourcing countries such as India, China, and
Southeast Asian countries, together with West Papua and Papua New Guinea
(PNG) (Barden et al. 2000; TRAFFIC Oceania, 2002; TRAFFIC East Asia-Taipei
and TRAFFIC Southeast Asia, 2005; Wyn and Anak 2010). Agarwood is exported
in the form of blocks, wood chips, powder, dust, and essential oil. All these come
in a wide range of grades and thus prices. To overcome demand and conserve the
sources, much effort has been drawn toward cultivating the tree species in sourc-
ing countries, such as Cambodia, China, Indonesia, Malaysia, Thailand, and
Vietnam.

3.2 Agarwood-Producing Tree Genera

The Thymelaeaceae family consists of many important incense-producing tree spe-
cies, including those from the genera Agquilaria, Gyrinops, Gonystylus, and
Aetoxylon. While all have the ability to produce incense wood, Aquilaria and
Gyrinops are the two most important genera when it comes to producing agarwood.
Gonystylus is better known for its hardwood timber from the peat swamp, whereas
Aetoxylon produces fragrant wood of less importance, by comparison.

The genus Aquilaria has a wide distribution in the Indomalesian region. This is
reflected from the wealth of names given to this highly valuable wood in different
cultures. For a long period of time, Aquilaria has been harvested severely from the
forests forcing their numbers to decline. The species A. malaccensis, in particular,
was so heavily poached that in 1995, it became the first species subjected to the
trading regulation of the Convention of the International Trade of Endangered
Species (CITES). Worldwide, there are 21 Aquilaria species and nine Gyrinops;
these have been reviewed and accepted (The Plant List, version 1.1). Many of them
have significant profitable value. Among the Agquilaria genus that have been
exploited are A. beccariana, A. crassna, A. filaria, A. malaccensis, A. micro-
carpa, A. sinensis and A. subintegra, while from the Gyrinops are G. ledermannii, G.
versteegii, and G. walla. Because of their close resemblance, it was difficult to ascer-
tain species identity. This effectively placed all Aquilaria spp. and Gyrinops spp.
under CITES listing in 2005. Gonystylus was not spared as well but for reasons
associated to timber logging. The listing under Appendix II of CITES is perceived
as an international driving force toward a legal and sustainable manner of agarwood
trading between importing and exporting countries (Compton 2004). CITES is one
of the world’s commanding agreements on species conservation. Its method of con-
trolling is by employing trade permit and by imposing a quota on the export quantity
by country members. The rationale of doing this is to protect agarwood from over-
harvesting, regardless of species.

Aquilaria has been studied in more detail when compared to Gyrinops; thus it
can be considered as the model tree for incense-producing species. In this chapter,
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special attention is given to Aquilaria due to the current mass of scientific knowl-
edge gathered on this genus.

3.3 The Beginning of Agarwood in the Wood Tissue

Agarwood is an oleoresin; it has a solid or semisolid form (viscous) and it is insol-
uble in water. Like many softwood tree species, the agarwood resin is secreted in the
stem tissues of Aquilaria. However, in Aquilaria, bundles of phloem cells are pro-
duced throughout the xylem as well as in a layer external to the xylem. This is in
contrast to angiosperms that produce phloem cells growing out from the circumfer-
ence of the cambium. Indeed, wood anatomy of Aquilaria is exceptional because
the xylem region, in addition to vessels, fibers, and parenchyma cells, also consists
of groups of phloem cells called included phloem or interxylary phloem. Living
parenchyma cells are the most important elements in agarwood formation because
they are able to biosynthesize resinous substances of agarwood (Nobuchi and Mohd
Hamami 2008). Brownish droplets containing the resinous substances have been
detected in the included phloems, parenchyma cells, and vessels, in the xylem
region of agarwood-containing stem (Fig. 3.1) (Mohamed et al. 2013). This network
of anatomical structures appears to be responsible in producing, storing, and distrib-
uting agarwood constituents to affected areas as the tree defends itself against vari-
ous enemies and damages. Previously, it was thought only old trees produce resinous
agarwood. New evidence has emerged that even juvenile Aquilaria trees own these
structures and are capable to produce agarwood when induced (Mohamed et al.
2014b).

To understand agarwood formation in Agquilaria, it is valuable to look into
another tree family that produces resin, the Pinaceae. In pine and spruce trees, inter-
connecting vertical and horizontal resin canals are regular features of the wood. The
canals are tubular structures composed of long-lived epithelial resin-secreting cells,

Fig. 3.1 A transverse
section of an agarwood-
containing stem. Brownish
substances are seen
deposited in the included
phloems (/P) and ray
parenchyma (RP) cells in
this unstained section
(Scale bar=100 pm). V
vessel, F fiber (Source:
Mohamed et al. 2013)




42 S. Rasool and R. Mohamed

parenchyma support cells, and strand tracheids. Resin is formed in the epithelial
cells and is transported through the matrix of vertical and horizontal ducts (reviewed
in Cown et al. 2011). Heartwood formation (resin impregnation) commences when
the stems progresses outward from the pith, and this is most apparent in old pine
stems (25-30 years) where the resin may account for 25-35 % of the weight of the
heartwood (reviewed in Cown et al. 2011). In relation to Aquilaria, the oleoresin
filled up the various compartments, became hard, and got impregnated in the wood.
The extensive deposits of resin over time increase the wood density of agarwood to
unusually high levels.

3.4 Causes to Agarwood Formation

General observations established that the fragrant resin is never produced in sound
trees. This suggests an association exists between damaged tissues and infestation
by biotic agents, which leads to the resulting agarwood (Oldfield et al. 1998).
Indeed, wounding has been recognized as the first cause to agarwood formation
(Pojanagaroon and Kaewrak 2005; Nobuchi and Siripatanadilok 2008). Physical
damage causes the tree to weaken and become vulnerable to fungal infection. Soon
after, in a matter of days, a slight discoloration would become visible surrounding
the wound. It darkens with time and is easily detected against the otherwise white-
wood. The darkened zone eventually gets bigger and signifies agarwood presence.
This proves that agarwood formation may involve prolonged microbial infection,
which continuously elicits synthesis of agarwood constituents in the area. Damage
by boring insects, for example, involves wounding followed by infection. Fungi, in
particular, are believed to be the major infecting agent that enters the host through
the wounds. The host’s defense system reacts by producing agarwood compounds
to fight off the pathogens. Since the 1900s, many workers have associated the agar-
wood zones to fungal infection (reviewed in Ng et al. 1997). Direct fungal isolation,
microscopy, and more recently rDNA cloning and sequencing have revealed that the
area in and surrounding agarwood zones do harbor a variety of fungi. Among them
are members of the genera Aspergillus, Cunninghamella, Curvularia, Fusarium,
Lasiodiplodia, Penicillium, Pythium, Trichoderma (Mohamed et al. 2010;
Premalatha and Kalra 2013), and many others.

In its natural surroundings, Aquilaria is highly exposed to a diverse group of
microorganisms, whether in the rhizosphere in the soil (Nimnoi et al. 2011) or in the
stems itself (Zhang et al. 2014b). There are limited studies regarding Aquilaria’s
interaction with its diverse fungal community. In one study, three fungal species in
two wounded wild A. malaccensis were tracked over time using quantitative real-
time PCR (qPCR), in wounds that represent different time points, i.e., 0-18 h, 2—13
days, 2—18 weeks, and 6-12 months (Mohamed et al. 2014a). The three species
were common fungi often associated with agarwood formation: Cunninghamella
bainieri, Fusarium solani, and Lasiodiplodia theobromae. The qPCR data revealed
that the abundance of the three species decreased over time. The fungi were detected
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Fig. 3.2 The progression of the darkened zones observed on wounded stem surfaces at different
times after wounding. (a) 2 days, light yellow; (b) 5 days, light brown; (c) 2 weeks, brown; (d) 4
weeks, dark brown; (e) 6 months, blackish brown; and (f) 9 months, black. The diameter of the
hole is 16 mm (red arrow) (Source: Mohamed et al. 2014a)

in high numbers during the first few hours and days after wounding and in low num-
bers many months later. On the contrary, the darkened zone where agarwood is
formed continued to enlarge over time (Fig. 3.2). The accumulation of agarwood
compounds at the wounding site could have caused the decline in fungal abundance,
which is consistent with its role in defense response.

3.4.1 Customary Induction

Agarwood induction, as perceived by local people, on trees growing in the natural
environment, happened in old trees that had been stroked by lightning or attacked by
animals, insects, or microbes. The formation is usually in proximity to wounded or
decaying parts of the trunk. Initially it was thought that formation of agarwood takes
place only in the stem or the main branches. New observations however revealed that
it happens in roots and twigs as well. The production of agarwood was thought to
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happen very slowly in old trees (Gianno 1986; Chakrabarty et al. 1994), and the slow
process due to fungal involvement in infecting the wood. New studies revealed that
even at the age of 3 years, cultivated trees can produce agarwood when artificially
treated (Heuveling van Beek and Phillips 1999; Mohamed et al. 2014b).

Various conventional methods have been developed. For example, the Chinese
farmers have been using the burning-chisel-drilling and partial-trunk-pruning
methods. Other methods of wounding by using ax, machete, bark removal, and
nailing have also been useful in other parts of the world such as in Indonesia,
Malaysia, and Thailand. These methods are hand-down traditions and have been
practiced sustainably on trees growing on individual and ancestral lands and in
natural forests.

3.4.2 Non-customary Induction

Over decades, people pondered on how agarwood forms in nature. From the infor-
mation gathered, nonconventional methods had emerged to mimic the natural event.
Many researchers began to employ artificial induction by inoculating inducing
agents directly into the tree stem. Early works have been documented by Ng et al.
(1997), beginning with Tunstall in 1929, who first inoculated fungi experimentally
into Aquilaria agallocha followed by others such as Bose (1934), Sadgopal and
Varma (1952), Gibson (1977), Rahman and Khisa (1984), and Santoso (2013). All
applied open wounds as the mode of inoculation with the only difference being the
fungal species. The outcomes of their inoculation tests were of mixed results. At
that point, it was concluded that agarwood formation was initiated by wounding
followed by nonspecific fungal infection (Rahman and Basak 1980).

3.4.3 Modern Artificial Induction

To meet the demand and market needs of agarwood, large plantations have been
established in sourcing countries. This trend has been increasing for the last 20
years with participation from individuals, local communities, entrepreneurs, and
government agencies. Although planting trees is a straightforward venture, agar-
wood induction is quite complicated. Without an efficient and proven induction
method, return on investment made in the plantations will be minimal because the
healthy wood is of little value. To develop proven methods, two directions have
been considered: (1) the delivery mode and (2) superior inducing agents, whether
in the form of microbes, chemicals, or both. One such method was pioneered by
Blanchette and Heuveling van Beek (2009) known as Cultivated Agarwood kits
(CA-Kits), where tubes are placed in the tree trunk as a mean to introduce microbes
and to arouse production of the defense compounds by the tree naturally. Others
such as the Taiwan and Pheerapan methods are also available in the market. Both
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methods use microbes for the production of agarwood (Chang et al. 2011); how-
ever, it is a slow process.

3.4.3.1 Inoculum-Based Inducer

Generally, inoculum- or microbe-based techniques require a long incubation time
before harvesting to produce darker wood and subsequently better forms of agar-
wood. In a study to evaluate the effect of several fungal species on agarwood forma-
tion over time in A. malaccensis, changes in the length and intensity of the darkened
zone were observed after 3- and 6-month periods following inoculation (Mohamed
et al. 2014b). A positive relationship with time was perceived but not with the tested
fungal species. Gas chromatography-mass spectrometry (GC-MS) analysis of the
6-month-old sample yielded some important agarwood compounds such as benzyl-
acetone, anisylacetone, guaiene, and palustrol. Similar results were obtained from
artificially inoculated A. sinensis with the fungus Melanotus flavolivens when sam-
ples were harvested 6 months and 1 year post inoculation (Lin et al. 2010). Major
agarwood compounds — specifically benzaldehyde, benzenepropanoic acid, anisyl-
acetone, and a chromone, 8-methoxy-2-(2-phenylethyl)-4H-1-benzopyran-4-one —
were detected. Other successful inocula that have been tested include the ascomycete
fungus Paraconiothyrium variabile (Cui et al. 2013) and the deuteromycete
Lasiodiplodia theobromae (Zhang et al. 2014a) on A. sinensis and Fusarium oxys-
porum and Fusarium solani on A. microcarpa (Akhsan et al. 2015). However, less
promising results for artificial fungal induction methods were also reported (Tamuli
et al. 2005; Bhuiyan et al. 2009). When under attack, the first defense mechanism
activated by Aquilaria is observed in the form of callus around the wounded area
where agents gained penetration into the host’s cell (Blanchette and Heuveling van
Beek 2009). It can be speculated that Aquilaria choose to perform callusing rather
than producing resin when the threat level is weak and nonpersistent. In view of
this, to develop an effective inoculum-based inducer, interaction between inoculum
strain and Aquilaria genotypes needs to be explored further.

3.4.3.2 Chemical as Inducer

Chemicals appear to be potent agarwood inducers. Wei et al. (2010) showed that
chemicals when coupled with an ingenious mode of delivery system can induce
agarwood in the whole tree and not confined to local areas as shown in other con-
ventional methods. This promising method, patented as “whole-tree agarwood-
inducing technique” (Agar-Wit), applies simple and cheap transfusion sets through
which agarwood inducers are injected into the xylem part of the tree (Zhang et al.
2012). The inducer is in liquid form and is elated to the whole body of the tree due
to water transportation causing agarwood to form in every woody part. Most impor-
tantly, the induced agarwood meets the medicinal quality set by the Chinese
Pharmacopoeia (Liu et al. 2013). The identities of chemicals in patents are generally
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not made public, or their strengths and formulations are kept discrete. They could be
in the form of plant defense elicitors such as hydrogen peroxide (H,O,), methyl
jasmonate (MJ), or salicylic acid (SA) (Okudera and Ito 2009; Wijitphan 2009; Wei
et al. 2010) or chemicals such as sodium chloride, sulfuric acid, formic acid, and
sodium methyl bisulfite (Thanh et al. 2015). Chemical-based inducer acts by caus-
ing severe injury to Aquilaria cell structure, and as a result callusing cannot be
performed to cover up the wound. While some chemicals such as organic based may
be safe to consume, there are some unscrupulous individuals who applied pesticides
as type of inducer. The impact of this inducer is a great concern to the environment
and agarwood consumers. Chemical-based inducers appeared to be very attractive
due to the ease of preparation and application, inexpensive, and fast result, but more
evidence is needed to demonstrate the effectiveness. More importantly, appropriate
tests must be conducted to establish the chemical residual content in the resulting
agarwood that does not become a health hazard.

3.5 Compounds in Agarwood

The main compounds found in the oleoresin of agarwood are a complex mixture
of sesquiterpenes and 2-(2-phenylethyl) chromones (reviewed in Naef 2011).
Together with some simple volatile aromatic compounds, they create this impres-
sive pleasing odor that some described as balsamic, spicy, woody, and sweet.
Analysis into the chemical constituents of agarwood had actively begun in the
1960s and is continuing into the twenty-first century. Thus far, the total number of
identified compounds is over 150. This explains the richness and diverse organo-
leptic properties found in agarwood from various species and regions. Agarwood
is rich in terpenoid contents, but as of today none of these terpenoids can be
manufactured industrially, thus the reliance on natural sources. Attempts have
been made to categorize Aquilaria and Gyrinops species according to their chemi-
cal profiles. However, this seemed unattainable because the composition is highly
dependent on geographical sites.

Sesquiterpenes in agarwood were first characterized from A. agallocha by Indian
chemists, more than 40 years ago (reviewed in Konishi et al. 2002). Some 70 ses-
quiterpene compounds have been identified so far and their structures elucidated
(Naef 2011). Examples are agarofurans, eudesmanes, and guaienes and their oxi-
dized forms such as jinkoh-eremol and agarospirol. Both of the latter compounds
are known to have sedative and analgesic effects (Okugawa et al. 1996; Takemoto
et al. 2008). Another characteristic for agarwood is chromone. The first report on
oxygenated chromone derivative from agarwood was released in 1978 (Yoshii et al.
1978). Since then, many more structurally different chromones have been discov-
ered. Close to 40 2-(2-phenylethyl) chromones have been recognized from agar-
wood of numerous abilities, of which 17 are agarwood specific and may be used as
phytochemical markers for authentication purposes (reviewed in Naef 2011). In
addition, three derivatives of diepoxy-tetrahydro-2-(2-phenylethyl) chromones may
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be used to indicate infected wood because they appeared only in resins isolated
from wounded wood of Aquilaria and not in the healthy part (Yagura et al. 2005).
Interestingly, the trio also appeared in Aquilaria calli and cell cultures in addition to
guaiene-derived compounds (Okudera and Ito 2009) indicating that in vitro agar-
wood production is possible. Chromone compounds are described as having bigger
role in producing the warm, balsamic, and enduring odor when agarwood is heated
and smoke is produced. In very high-quality agarwood such as kanankoh, the chro-
mone content is reportedly at 60 %, while the less superior type jinkoh has only
1.5 % (Ishihara et al. 1993). Kanankoh is used in the kohdoh ceremony (listening to
incense) where the fragrance of agarwood is appreciated in an elaborated traditional
manner.

The types and derivatives of sesquiterpenoids and chromones in agarwood are
extensive. After the comprehensive review by Naef (2011), additional new com-
pounds have been discovered from agarwood (Wu et al. 2012; Li et al. 2014, 2015;
Yang et al. 2014; Wang et al. 2015), and the number no doubt will continue to
grow.

3.6 Biosynthesis of Major Compounds

From general understanding, it can be concluded that the most probable role of agar-
wood is for the tree to defend itself against biotic and abiotic stresses. Stress induces
the defense response and triggers the secondary metabolism network leading to
agarwood compound formation and resin accumulation. Essentially, agarwood gets
its fragrance from the presence of the aromatic terpenes, specifically the sesquiter-
penes, and the chromones (Naef 2011). For that reason it is important to understand
the synthetic mechanisms of these two compounds. In this section, special emphasis
is given to the activation of genes in the sesquiterpenoid synthetic pathway.

3.6.1 Sesquiterpenoid Biosynthetic Pathway

Much information has been gathered on terpenoid biosynthetic pathways (Hu and
Lu 2015; Singh and Sharma 2015). In plants, two pathways have been established:
(1) the mevalonic acid (MVA) and (2) the 1-deoxy-D-xylulose-5-phosphate (DXP),
also known as the methylerythritol phosphate (MEP) pathways. They manufacture
the C5 isoprene units, isopentenyl diphosphate (IPP), and its isomers, dimethylallyl
diphosphate (DMAPP). These are important terpenoid building blocks, being syn-
thesized either in the cytoplasm or the plastid organelle, according to the respective
pathway. The formation of IPP and DMAPP from acetyl-CoA or pyruvate are cata-
lyzed by a sequence of different enzymes. Genes encoding for these enzymes have
been identified and characterized from Agquilaria species via transcriptome (Xu
et al. 2013) and genome sequencing (Chen et al. 2014) and are discussed in more
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detail in Chap. 5. In the following step, IPP or DMAPP is connected through the
head-to-tail connections to form farnesyl diphosphate (FPP) (C15 unit), the precur-
sor of sesquiterpenes, in the presence of FPP synthase (FaPS) (Cao et al. 2012).
Kenmotsu et al. (2011) first cloned the Am-FaPS-1 gene from A. microcarpa, which
exhibited high homology with FaPS from different plant sources. The transcript was
abundant upon exposure of the cell culture to MJ, yeast extract, and Ca** ionophore
A23187, indicating that the two former substances are triggers to induced responses
in plants, while Ca?* acts as a molecule messenger in activating the process. This
clearly shows that substances such as MJ could be used to enhance biosynthetic
pathways of secondary metabolites in Aquilaria.

In the final step, the FPPs are transformed into sesquiterpenes (C15) by specific
enzymes; sesquiterpene synthases. Genes encoding for sesquiterpene synthases in
Agquilaria are present in multiple copies (Kumeta and Ito 2010). At least five clones
have been reported from A. crassna, all having high similarities in amino acid
sequences. After being expressed in E. coli and the product enzymatically assayed
using FPP, only three clones generated the same compounds as mined from
MlI-treated cells. The product was d-guaiene. These genes and their encoded
enzymes are the first sesquiterpene synthases yielding guaiene-type sesquiterpenes
as the major products. Via transcriptome sequencing, Xu et al. (2013) have identi-
fied several clones of sesquiterpene synthases (ASSI, ASS2, and ASS3) from A.
sinensis, all yielding guaiene-type product as well. Despite its richness in sesquiter-
penes, genes encoding for sesquiterpene synthases producing other types of sesqui-
terpenes have not been reported from Aquilaria.

3.6.2 Signaling Pathway

Wounding, insect boring, and fungal infection are types of abiotic and biotic stresses
that can provoke agarwood production in Aquilaria. Aquilaria reacts to wounding
and pathogen attack by stimulating specific genes of which some are expressed in
the area of wound site, and the rest is triggered in the non-damage part of the plant,
via the activation of multiple signaling events, similar to other plants’ response to
stress (Mucciarelli et al. 2007; Rodriguez et al. 2009; Wang et al. 2010). One path-
way that has been proposed for Aquilaria is the MAPK (mitogen-activated protein
kinase) signaling pathway (Xu et al. 2013). Throughout the eukaryotic evolution,
MAPK cascades have been highly conserved modules (Kusari et al. 2004; Pitzschke
et al. 2009). These cascades are nominally made up of MAPK kinase kinase
(MAPKKK), a MAPKK (MAPK kinase), while MAPK connects the upstream
receptors to downstream targets. Using A. sinensis as the model tree, it has been
proposed that at transcriptional level, the ASS/ gene expression is controlled by
wound signal, which activates the MAPK cascade and phosphorylates downstream
transcription factors (TFs) like MYB or WRKY (Xu et al. 2013). The initiation of
ASS] transcription must be due to triggered TFs that bind to the cis-acting elements
in the promoter of ASS/. About 41 unigenes were interpreted to be correlated to the


http://dx.doi.org/10.1007/978-981-10-0833-7_5

3 Understanding Agarwood Formation and Its Challenges 49

MAPK pathway and another 25 to calcium signaling that may perform roles in the
wound responses of agarwood formation in A. sinensis. The treatment of MJ showed
considerable upregulation of transcription factors like MYB4, WRKY4, MAPK2,
MAPKKK, and the NADPH oxidase. Elicitors like jasmonic acid (JA) are known to
trigger the TFs downstream through the hydrogen peroxide pathway (Kazan and
Manners 2008). Some of the TFs with positive regulators of sesquiterpene synthases
like the AP2, WRKY, and MYC genes have been identified from A. sinensis (Xu et al.
2013) and their functions compared to their homologues in other plant species. In
Gossypium arboreum, the GaWRKY transcription factor shows positive expression
of (+)-0-cadinene synthase that catalyzes the biosynthesis of sesquiterpene gossypol
(Xu et al. 2004). In Artemisia annua, the ADS gene regulates the biosynthesis of
artemisinin in the presence of the TF, AaWRKYI (Ma et al. 2009). The responsive
AP2/ERF (ethylene-responsive factor) was also found to control the biosynthesis of
artemisinin by binding to CBF2 and RAA (Yu et al. 2012). Similarly, when Oryza
sativa was treated with MJ, a marked increase in the expression of the sesquiterpene
synthase gene, TPS3, was observed, in addition to the release of more than ten ses-
quiterpenes mainly of the p-caryophyllene type (Cheng et al. 2007).

3.6.3 Chromones

Chromones are one of the major classes of naturally occurring compounds includ-
ing flavonoids and possess important biological activities as antitumor, antioxidant,
anti-inflammatory, antibacterial, and many more (Tawfik et al. 2014). Chemically,
chromones (4H-chromen-4-ones) are heterocyclic compounds with the benzopyra-
none ring. Aquilaria spp. is one of the few plant species that produces the rare
chromone known as 2-(2-phenylethyl) chromone. To our knowledge, there is no
report on the biosynthesis of chromones in Aquilaria, although generally they are
thought to be a result from convergence of multiple biosynthetic pathways such as
the acetate, pentaketide, and shikimate pathways. This chromone group has been
discovered only in a handful plant species (reviewed in Ibrahim and Mohamed
2015). Due to the vast range of biological functions associated with this compound
scaffold, several synthetic applications have been developed to find new chemical
entities as new drugs using the chromone ring system as the backbone structure.
Advances in chemical processes have shown that the synthesis of 2-(2-phenylethyl)
chromone is possible (Goel et al. 2006).

3.7 Factors Influencing Agarwood Yield and Quality

The yield and quality of the resinous agarwood vary considerably. Gianno (1986)
suggested that a tree above 20 cm in diameter at breast height produces approxi-
mately 1 kg of agarwood. However, research in West Kalimantan, Indonesia, shows
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that the yield of Aquilaria resin is not correlated with tree diameter or timber vol-
ume, even when the trees have similar progression in infection (Soehartono and
Mardiastuti 1997). Several factors are thought to affect the produced agarwood,
both in quantity and quality (Ng et al. 1997). In our opinion, the most important
factor is genetic variability between the tree species themselves. Unfortunately, no
information is available regarding genetic variation or heritability for Aquilaria or
Gyrinops. This is partly due to the difficulty in quantifying and ascertaining quality
of the produced agarwood. Another important factor is the treatment applied onto
the tree to induce agarwood. In a field trial conducted in planted A. crassna, Thanh
et al. (2015) showed that agarwood oil samples from different treatments including
biological (fungal mixture), chemical (sulfuric acid and sodium methyl bisulfite
mixture), and mechanical (hammered nails) differ in quantity and quality. A year
after, chemical treatment yielded agarwood oil with the highest sesquiterpene con-
tent compared to the other treatments and non-treated. On the other hand, biological
treatment gave the highest sesquiterpene yield when the trees were left for 2 years.
Time appears to be a major factor when biological agent is involved.

To grow Aquilaria species or genotype in its native climatic region is perhaps
more suitable compared to foreign species. However, it has been shown that Aquilaria
adapts easily to new environment, resulting in many Aquilaria plantations in sourc-
ing countries been planted with nonnative species. For example, successful Aquilaria
plantations have been established in Australia, a region that is beyond the tree natural
distribution (Page and Awarau 2012). In Malaysia, where A. malaccensis is native,
people have succeeded in planting A. crassna and A. subintegra species as well. One
problem that could arise from this situation is the complex relationship between
inoculum, tree genotype, and the environment. The type of inoculum or inducer is an
important factor that influences agarwood quality. Each strain of inoculum certainly
propagates better in its own environment; therefore a broad-spectrum inoculum is
needed for economic benefits. Similar strains when applied on Aquilaria and
Gyrinops trees yielded agarwood of differing smells (Turjaman and Santoso 2012).
If the host factor is removed, and the inoculum is replaced by chemical inducer, the
resulting agarwood could be of a more consistent quality (Liu et al. 2013). This
proves that agarwood quality is controlled by genetic factors of the host and the
inoculum, with the environment playing a compounding role.

Agarwood is in the trade history since long time ago, but its quality is very subjec-
tive and highly dependent on personal experiences. In the past, collectors harvested
agarwood from wild trees, and quality determined from the age of the tree. It was
thought that an older tree yielded higher agarwood quality (Barden et al. 2000;
Persoon 2007). In contrast to this common belief, 7 to 8§ years old trees are found
capable of producing agarwood (Paoli et al. 2001; Chetpattananondh 2012). Even
trees as young as 3 to 5 years old have been shown to form agarwood (Xu et al. 2013;
Gao et al. 2014; Mohamed et al. 2014b). Therefore, it is not the age of the tree but
the use of proper treatment that is paramount for inducing agarwood. It has now
become evident that plantation trees can yield agarwood with quality similar to high-
grade wild agarwood when using suitable induction methods such as the Agar-Wit
(Liu et al. 2013). More on the different agarwood grades and grading methods are
discussed in Chap. 10.
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3.8 Valuable Agarwood Compounds from Cell Suspension
Culture

Biotechnology offers an opportunity to exploit new means for the production and
accumulation of many of the valuable chemical compounds found in plants such
as alkaloids, terpenoids, steroids, saponins, phenolics, flavanoids, and amino
acids, through plant cell cultures. Even though there are limitations in using
plant cell cultures, some can produce higher amount of secondary metabolites
than the intact plants (Sree et al. 2010). At present, only limited work on plant
cell culture of Aquilaria has been reported. The production of valuable agarwood
compounds has been shown feasible in cell suspension culture of Aquilaria when
induced with a proper elicitor. Three species of sesquiterpene (4-guaiene,
d-humulene, and d-guaiene) and four of chromones (phenylethylchromones
(5S,6R,7R,8S)-2-(2-phenylethyl)-5¢’,6e,7a,8a’ tetrahydroxy-5,6,7,8- tetrahydro-
chromone; 6-hydroxy-2-(2phenylethyl) chromone; 6-methoxy-2-(2-phenylethyl)
chromone; 6-methoxy-2-[2-(3-methoxyphenyl)ethyl] chromone; 6,7-dimethoxy-
2-(2-phenylethyl) chromone) were found to be induced by molecules in signal-
ing transduction such as MJ and salicylic acid (Ito et al. 2005; Okudera and Ito
2009). Elicitors are signal molecules responsible for triggering the signal trans-
duction cascade leading to the activation and expression of genes in the biosyn-
thesis of secondary metabolites (Wang and Wu 2013). In Aquilaria, induction
can be in the form of abiotic or biotic factors; as such, elicitors could be mole-
cules that are excreted by the pathogen or the fungal propagules themselves. Cell
suspension culture of A. sinensis produced four derivatives of 2-(2-phenylethyl)
chromones when challenged with crude fungal extracts of M. flavolivens (Qi
et al. 2005). In another study (Jayaraman and Mohamed 2014), crude mycelial
extracts of Trichoderma sp. elicited several important agarwood compounds
including 8-epi-.gamma.-eudesmol, d-guaiene, and alloaromadendrene oxide-1.
The elicitor was added to the cell suspension culture, initiated with fresh calli
originated from the leaf explants of A. malaccensis (Fig. 3.3). These are promis-
ing results on the potential use of fungal elicitor as biological inducer for valu-
able agarwood compound production in in vitro Aquilaria cultures.

3.9 Conclusion and Future Perspectives

Since the ever increasing international demand for agarwood cannot be satisfied
by limited natural stocks of Aquilaria trees, there is a need for mass cultivation of
the trees to relieve the pressure on its natural population. Not only planting better
genotypes can help, but one has to develop techniques that are efficient at induc-
ing agarwood and practical for application in plantation setting. To achieve this
goal, background knowledge of the biology of the organism is important.
Therefore, understanding agarwood induction and formation, specifically at
molecular level, is essential for improving the production in living trees. By
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Fig. 3.3 Callus induced from Aquilaria malaccensis leaf explants after 30 days incubation in MS
medium supplemented with 1.1 pM naphthaleneacetic acid (NAA) and various 6-benzylaminopurine
(BAP) concentrations, (a) 0.55 pM, (b) 1.1 pM, (c) 2.2 pM, (d) 3.3 pM. Bar=5 mm (Jayaraman
et al. 2014)

elucidating the biosynthetic pathway and regulation of induction, better ways and
techniques can be developed to boost the success of agarwood formation. In the
future, novel techniques created from this knowledge may be used to supply qual-
ity agarwood from plantation trees and thus satisfy not only the demand but most
crucially to help to preserve wild Aquilaria trees in their already depleting natural
populations.
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